Objective. Microbiome analyses now allow precise determination of the sinus microbiota of patients with exacerbations of chronic rhinosinusitis (CRS). The aim of this report is to describe the sinus microbiota of acute exacerbations in CRS clinical subgroups (with nasal polyps [CRSwNP], without nasal polyps [CRSsNP], and allergic fungal rhinosinusitis [AFRS]).
technology has been used to characterize the sinus microbiota in healthy and various disease states. 3 The primary advantage of these molecular techniques is more precise and comprehensive identification of microbes, even in small samples. Practicing clinicians have had access to commercially available laboratories that use DNA-based detection techniques for bacterial identification; however, such assays have not become routine components of the clinical algorithm, possibly owing to the poor understanding of sinus microbiota during acute exacerbations, as well as a lack of evidence confirming improvements from treatment based on such techniques.
The aim of this retrospective report is to report a single rhinology center's experience with microbiome detection techniques for bacterial identification in a cross section of patients with CRS during acute exacerbation, in an effort to highlight differences among groups as determined by an assay more sensitive than traditional culture.
Methods

Study Design and Population
A retrospective review was performed of microbiome detection results on samples obtained via sinus aspirates at the rhinology clinic during January 1, 2015, to December 31, 2016. The indication for testing in all patients was an acute exacerbation of CRS (defined as the presence of purulence on endoscopy during a symptomatic exacerbation of CRS). 7 During this period, parallel conventional cultures were not performed on these patients.
The Committee for the Protection of Human Subjects of The University of Texas Health Science Center at Houston approved the protocol.
Sample Acquisition
All samples were obtained via aspiration of purulent secretions under endoscopic visualization from within the middle meatus or previously opened sinus. To minimize contamination, suction devices were passed through the anterior nasal cavity and directed to their sample site under direct endoscopic visualization, and only then was aspiration performed. After collection, specimens were aseptically transferred to a sterile Dry Transport System tube without media (Puritan Medical Products Company, Guilford, Maine) and shipped via overnight delivery to a CLIA-certified commercial laboratory (Clinical Laboratory Improvement Amendments; MicroGen Diagnostics, formerly Pathogenius, Lubbock, Texas).
16S Sequencing and Data Analysis
This microbiome assay used automated polymerase chain reaction technology to amplify the 16S ribosomal RNA (for bacteria), as previously described (personal communication, Jennifer White and Rick Martin; MicroGen Diagnostics; June 9 and August 3, 2018). Specific methodology is summarized as follows.
Sequencing was performed with the Ion Torrent Personal Genome Machine. Primers 28F GAGTTTGATCNTGG CTCAG and 388R GCTGCCTCCCGTAGGAGT were used to sequence the V1-V2 portion of the bacterial 16S rRNA gene. Amplified DNAs were then pooled and purified by removing small fragments with a column and bead-based method. Purified DNAs were added to the Ion Sphere particles and enriched for sequencing on the Ion Torrent Personal Genome Machine sequencer. Once sequences were obtained, an in-house data pipeline developed at MicroGen Diagnostics processed the FASTQ file. The data analysis pipeline consisted of 2 major stages: the denoising and chimera detection stage and the microbial diversity analysis stage. Denoising was performed by first trimming all sequences back with an internally developed quality trimming algorithm, ensuring that each read had a running average taken across the sequence and was trimmed back at the last base where the total average was .Q25. Prefix-based dereplication was then performed with the USEARCH algorithm, 8 and the resulting clusters were cleaned to ensure that each clustered sequence was a minimum of 100 base pairs in length. Operational taxonomic unit (OTU) clustering at 6% divergence was performed on the clusters with the USEARCH algorithm, and each cluster with at least 2member sequences was compressed to a single representative consensus sequence. The formation of chimeric sequences occurred when an aborted sequence extension was misidentified as a primer and was extended on incorrectly in subsequent polymerase chain reaction cycles. 9 Because amplification produced chimeric sequences that stemmed from the combination of 2 original sequences, MicroGen Diagnostics performed chimera detection with the de novo method built into UCHIME. 10 All chimeric sequences were removed, and base correction was then performed by comparing all raw reads to their nonchimeric consensus cluster. The corrected sequences were then demultiplexed with an internally developed algorithm that ensured that the barcode for each sequence was a 100% match; any sequence that did not contain a valid barcode was removed. These demultiplexed sequences then went through OTU selection process. 11 OTU clusters were globally aligned with USEARCH against a database of high-quality sequences derived from the NCBI database. 12, 13 The output was then analyzed with MicroGen Diagnostics' internally developed algorithm that assigned taxonomic information to each sequence and then computed and wrote the final analysis files.
Statistical Analysis
Some patients had .1 specimen during the study period; only the first specimen for a patient was included in this review.
Prevalence, abundance, and relative abundance were calculated for identified bacterial genera or species calculated for each clinical subgroup. Prevalence was defined as the percentage of samples with identification of a specific bacterial taxa or species. Since relative abundance was based on the quantity of a specific bacterium in the sample once it was identified, relative abundance was calculated by averaging the load of each bacterial taxon or species only in those samples in which it was identified.
Statistical analysis was performed with R 3.4.2 for analysis and ggplot2 for figure generation, 14,15 phyloseq 16 to generate alpha diversity metric estimates stratified by diagnosis, and vegan 17 to conduct multivariate assessments of the microbial communities stratified by diagnosis. The alpha diversity metrics calculated were observed diversity, Shannon diversity, and inverse Simpson diversity. 18 The Kruskal-Wallis test was used to assess differences in alpha diversity among groups, and permutational multivariate analysis of variance was used with the Bray-Curtis distance metric to test if the diagnosis groups had different centroids in multidimensional ordinal space and if the dispersion of the groups was statistically different. Analysis of similarities was used to assess if the similarity among groups was greater than the similarity within groups. The Wilcoxon rank sum test was used to assess for differences in relative abundance of specific taxa.
Results
A total of 206 specimens were collected in 134 patients (75 men and 59 women; mean age, 52.7 years) ( Table 1) . Only the first specimen from each patient was used in this analysis (n = 134). The primary diagnosis was CRSsNP in 65 patients (48.5%), CRSwNP in 55 patients (41.0%), and AFRS in 14 patients (10.4%). Reported comorbid conditions included allergy in 66 patients (48.9%), asthma in 56 patients (41.5%), and aspirin sensitivity in 9 patients (6.7%). Oral antibiotics were used in the 4 weeks prior to when the sample was taken in 43 patients (31.9%), and topical antibiotic irrigations were reported in 21 patients (15.6%) in the 4 weeks prior to sample collection.
Twenty-eight distinct taxa were identified, with 27 taxa resolved to the genus level and 1 taxon resolved to the order level; some genera, such as Staphylococcus spp, were further identified to the species level. Additionally, categories designated ''unknown bacteria,'' ''unknown anaerobe,'' and ''unknown aerobe'' were utilized when the bacterial taxonomy could not be identified to the order level. Any bacterial taxa present within a sample at \2% was collapsed into a category labeled ''rare taxa'' (present in 97.8% of samples). These rare taxa accounted for an average of 8.8% of samples.
Among all samples ( Figure 1) , staphylococci were the most prevalent (37.0%), with a mean relative abundance of 21.3%. The bacterial taxa with the highest prevalence overall were Streptococcus spp (31.1%), Pseudomonas spp (20.0%), Staphylococcus aureus (20.0%), and Staphylococcus epidermidis (11.9%). Of the bacteria identified, those with the highest relative abundance were Staphylococcus spp (21.3%), Pseudomonas spp (15.0%), Streptococcus spp (14.4%), and S aureus (12.4%; Figure 2 ).
No consistent differences among subgroups were noted; that is, the various bacterial taxa and species were present in all clinical subgroups (Tables 2 and 3, Figure 1 ). Additionally, the samples did not cluster by subgroup via principal component analysis ( Figure 3) .
Staphylococcus spp had similar prevalence and relative abundance rates in the subgroups: AFRS (42.9% and 24.1%), CRSsNP (37.9% and 21.5%), and CRSwNP (34.5% and 20.5%). The prevalence of S aureus was similar in the AFRS (28.6%) and CRSsNP (22.7%) groups and less in the CRSwNP group (14.5%), whereas its relative abundance was greater in the AFRS group (21.7%) than in the CRSsNP (12.8%) and CRSwNP (9.6%) subgroups ( Figure  2) . Pseudomonas spp had a greater prevalence and relative abundance in AFRS (prevalence, 28.6%; relative abundance, 20.3%) as compared with CRSsNP (prevalence, 15.2%; relative abundance, 12.1%) and CRSwNP (prevalence, 23.6%; relative abundance, 17.1%). Streptococcus spp had a relatively high prevalence in all subgroups (AFRS, 35.7%; CRSsNP, 27.3%; CRSwNP, 34.5%) but more modest relative abundance (AFRS, 13.2%; CRSsNP, 12.8%; CRSwNP, 16.6%). We did not observe a significant difference in the relative abundances of particular taxa when comparing groups with the Wilcoxon rank sum test. Additionally, we did not observe a significant difference in the dispersion (permutational multivariate analysis of variance; P = .779) or variance (analysis of similarities; P = .823) when comparing the 3 diagnosis groups.
The observed richness (the number of taxa observed .2%) for the samples ranged between 1 and 11 taxa. Most samples had between 1 and 4 observed taxa, with an average of 3 taxa per specimen isolated among all 3 subgroups. Low complexity of the samples was also seen in the other alpha diversity metrics with the Shannon diversity estimates, primarily \1.5, and the inverse Simpson estimates, primarily \2. Each of these metrics agrees with the observed diversity and the observation that most samples are dominated by a single taxon or a small consortium with the remaining taxa in the sample at low abundance (Figure 4) . We did not find any differences in the alpha diversity when comparing the 3 diagnosis groups, with P values of .93 (observed), .99 (Shannon), and .99 (inverse Simpson).
Discussion
This report summarizes the sinus microbiota identified with microbiome analyses from a commercially available laboratory in patients with acute exacerbations of CRS. Many bacterial taxa were identified; of note, no differences were noted among the clinical CRS subgroups characterized by the presence or absence of polyps or defining characteristics of AFRS. Unsurprisingly, S aureus and related staphylococcal species had a high prevalence but exhibited a comparatively lower level of relative abundance even in acute exacerbations. A key finding of this study was the low level of diversity in acute exacerbation CRS, wherein 1 or a few opportunistic pathogens appear to ''bloom'' or become overrepresented in the local microbiome, suggesting that the presence of a diverse healthy community may prevent acute exacerbations from occurring. Thus, this report begins to elucidate the microbiota of patients with CRS during acute exacerbations from a long-term clinical perspective. Twenty years ago, Lanza and Kennedy described their experience with conventional cultures in a tertiary rhinology practice and emphasized emerging patterns of antibiotic resistance among bacterial isolates obtained with conventional microbiology techniques, which identified a relatively small number of bacterial pathogens (coagulase-negative Staphylococcus, 28%; Pseudomonas aeruginosa, 17%; S aureus, 13%; and others). 19 Kingdom and Swain reported similar results in samples obtained from patients undergoing sinus surgery and observed a high prevalence of antimicrobial resistance in CRS. 20 The high prevalence of S aureus, other Staphylococcus species, and Pseudomonas in the current report is consistent with prior reports based on conventional cultures. Hauser et al compared conventional cultures and 16S ribosomal RNA gene sequencing for identification of bacteria in patients undergoing sinus surgery and concluded that conventional cultures do not adequately describe the bacteria identified with molecular techniques. 4 The current report is consistent with this observation, as a large number of bacterial taxa were identified across the entire patient population.
MicroGen Diagnostics provides species-level identification for S aureus, S epidermidis, and Staphylococcus lugdunensis through 16S rRNA sequencing, which is not often available in many bacterial microbiome pipelines. Staphylococcal speciation is possible under certain technical circumstances 21 ; here, by spanning 2 variable regions (V1 and V2) of the 16S rRNA gene that can differentiate staphylococcal species, the laboratory's sequencing methodology for identification at the species level has been validated by MicroGen Diagnostics with reverse transcription polymerase chain reaction.
S aureus has been implicated as a driver of CRSwNP through enterotoxins that function as superantigens that trigger and sustain an excessive inflammatory response. 22 Similarly, S aureus has been associated as a factor in AFRS. 23 In the current report, S aureus had an overall prevalence of only 20.0%, with greater prevalence in the AFRS subgroup (28.6%) and the CRSsNP subgroup (22.7%) as compared with the CRSwNP subgroup (14.5%). Other staphylococcal species were common in all 3 subgroups. The relatively low levels of S aureus suggest that its overgrowth by itself may not be the primary cause of acute exacerbations of CRS (or the CRS subgroups). Alternatively, S aureus may be pathoetiologic factor in a poorly defined subset of patients with CRS.
Abreu et al reported an increase in the relative abundance of Corynebacterium tuberculostearicum and a relative depletion of other lactic acid bacteria in patients with CRS; in a murine model, they confirmed the pathogenicity of this Corynebacterium species and showed protective effects for Lactobacillus sakei. 24 In the current patient series, Corynebacterium species had an overall prevalence of only 10.4% and a relative abundance of only 2.8%. These results may be viewed as being inconsistent with Corynebacterium species playing a major role in acute CRS exacerbations, although we cannot exclude this role in select patients.
Interestingly, the AFRS clinical subgroup seemed to have differences when compared with the CRSwNP and CRSsNP subgroups. For instance, Burkholderiales order and Stenotrophomonas species were not detected in the AFRS group. This low prevalence is difficult to explain, especially since other gram-negative bacilli (including Pseudomonas species) were found in the AFRS group at a relatively high prevalence (28.6%). In addition, anaerobic bacteria were not detected in the AFRS subgroup. This finding may be explained by the fact that all of the patients with AFRS had prior surgery (and ''large'' sinus cavities); their ''open'' sinus anatomy would mitigate against the anaerobic microenvironments that anaerobes prefer.
An important aim of the current study was to assess the microbiome of acute exacerbations of CRSwNP, CRSsNP, and AFRS to examine differential patterns in each clinical subgroup. Clearly, no such pattern is apparent. Although the clinical phenotypes of CRSwNP, CRSsNP, and AFRS in chronic disease states are distinct, these defined clinical phenotypes share similar microbiologic profiles during acute exacerbations. Clinicians must tailor treatments to individual patients rather than the broad phenotype categories to which patients are assigned.
Practicing clinicians can correlate endoscopic findings (ie, purulence) with clinical symptoms (exacerbation of sinonasal symptoms) to diagnose acute exacerbations CRS and obtain samples for study, especially in patients who have undergone sinus surgery. Analysis of the microbiome offers a context in which to interpret a more comprehensive identification of putative pathogens in a specimen. These techniques provide relative abundance data that show the predominant organisms in each sample in contrast to the relatively crude semiquantitative reporting of conventional cultures. A criticism of molecular assays is the absence of functional assessment of antimicrobial resistance. Current molecular techniques can directly determine the presence of antibiotic resistance genes for many common antimicrobials, including vancomycin and methicillin. Detection of a resistance gene does not necessarily demonstrate expression of that gene. Regardless, clinicians may use these results for guidance in the selection of antimicrobial agents. It should be mentioned that the utility of such tests in the clinical management of acute CRS exacerbations has yet to be evaluated.
This retrospective report has several intrinsic limitations. As a retrospective cross-sectional study performed in a referral center, it required an abstraction of data from a patient cohort with complex and unique medical histories, including prior antibiotics in the months before presentation for an acute exacerbation. Samples were collected by 3 attending surgeons, who each may have a unique threshold for collecting a specimen. While the overall sample size is large (.100 patients), our clinical subgroups were much smaller; this has implications for comparisons among these subgroups, creating a potential for type II error, particularly in the assessment of low-abundance organisms. Species-level taxonomic assignments can be uncertain with current 16S-targeted sequence-based methodologies, as the 16S genes of bacteria within the same genus can be very similar and the regions of the 16S gene do not always cover the needed sequence variability to confidently differentiate closely related species. Therefore, assessment of Staphylococcus, Streptococcus, Pseudomonas, and Corynebacterium species are not often made. The data reported from similar microbiome studies are obtained and presented in many ways, making cross-study comparisons difficult. Furthermore, the results in this report were from a commercially focused laboratory; while this laboratory is CLIA licensed and appropriate quality control measures are mandated, 25 it uses proprietary technology that cannot be freely accessed and reported. Finally, while microbiome technology provides extensive information about microbial gene presence, these techniques cannot distinguish between active, viable organisms and inactive or dead organisms.
Conclusion
This study describes the microbiome of sinus aspirates obtained during acute exacerbations of CRS. Many bacterial taxa were present, but no unique bacterial signatures among the clinical subgroups of CRSwNP, CRSsNP, and AFRS were identified. Thus, the microbiome of CRS exacerbations seems to be unique to each patient; for this reason, clinicians should consider tailoring antibiotic treatments to individual patients rather than make generalizations based on the phenotypes assigned to each patient. Further studies will be necessary to define the clinical significance of these observations.
